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ABSTRACT
Gas-rich major mergers in high-redshift proto-clusters are important events, perhaps leading to the
creation of the slowly rotating remnants seen in the cores of clusters in the present day. Here, we
present a deep Jansky Very Large Array observation of CO J = 1–0 emission line in a proto-cluster at
z = 2.5, USS1558-003. The target field is an extremely dense region, where 20 Hα emitters (HAEs)
are clustering. We have successfully detected the CO emission line from three HAEs and discovered a
close pair of red and blue CO-emitting HAEs. Given their close proximity (∼30 kpc), small velocity
offset (∼300 km s−1), and similar stellar masses, they could be in the early phase of a gas-rich major
merger. For the red HAE, we derive a total infrared luminosity of LIR = 5.1 × 10
12 L⊙ using MIPS
24 µm and radio continuum images. The LIR/L
′
CO ratio is significantly enhanced compared to local
spirals and high-redshift disks with a similar CO luminosity, which is indicative of a starburst mode.
We find the gas depletion timescale is shorter than that of normal star-forming galaxies regardless of
adopted CO-H2 conversion factors. The identification of such a rare event suggests that gas-rich major
mergers frequently take place in proto-clusters at z > 2 and may involve the formation processes of
slow rotators seen in local massive clusters.
Subject headings: galaxies: evolution — galaxies: high-redshift — galaxies: ISM
1. INTRODUCTION
Properties of galaxies seen in the local universe
strongly depend on their surrounding environments, as
is well known from the morphology–density relation.
Early-type galaxies are frequently observed in high-
density regions such as clusters and late-type galaxies
are common in low-density regions (Dressler et al. 1997).
The ATLAS3D survey further demonstrates that early-
type galaxies are divided into two kinds of populations
based on the kinematics: fast rotators and slow rotators
(Emsellem et al. 2011). This categorization makes the
trend in the morphology–density relation more promi-
nent. Whereas fast rotators, which form the majority of
early-type galaxies, appear in a wide range of environ-
ments, slow rotators reside exclusively in dense cores of
mature clusters (Cappellari et al. 2011).
Such spatial segregation and the difference in their
kinematics could be related to formation processes and
subsequent quenching mechanisms of star formation,
which probably take place at high redshift. In theoretical
models, gas-rich major mergers leading to a spin-down
of remnants successfully produce simulated slow rota-
tors and are considered to be one of the possible forma-
tion processes of slow rotators (Naab et al. 2013). Given
high number densities of star-forming galaxies in proto-
clusters at z > 2 (e.g. Tanaka et al. 2011), we naturally
expect a high frequency of major-merger events. What
is important here is whether they are interactions be-
tween gas-dominated systems. While stellar components
within galaxies are collisionless, systems comprising gas
are dissipational. Therefore, gas-rich major mergers trig-
ger an intense, dusty star formation due to shocks and
an inflow of gas that has lost its angular momentum, as
well as establishment of the outer profile through violent
relaxation (Mihos & Hernquist 1996).
CO observations are critical for measuring the molec-
ular gas mass within galaxies, Mgas, and investigat-
ing the star-formation mode characterized by the star-
formation efficiency, SFE=SFR/Mgas, and the gas de-
pletion timescale, τdepl = Mgas/SFR. CO studies at
high-redshift have rapidly developed over the past years
not only for very bright galaxies in the dust emission
such as submillimeter galaxies (SMGs; Frayer et al. 1998;
Neri et al. 2003; Greve et al. 2005; Tacconi et al. 2008;
Engel et al. 2010) but for optical/near-infrared selected
galaxies such as BzK galaxies (e.g. Daddi et al. 2010;
Tacconi et al. 2013). However, most of them observe
high-excitation CO lines mainly using the Plateau de
Bure Interferometer. This significantly affects the es-
timates of molecular gas mass because high-J lines trace
dense gas regions rather than total gas reservoirs probed
by CO J = 1− 0 emission.
In a cluster field at z = 0.4, Geach et al. (2011) detect
the CO J = 1−0 line from five dusty star-forming galax-
ies and find the environmental dependence of SFE is not
seen. Aravena et al. (2012) also find that the SFEs of
two galaxies in a proto-cluster at z = 1.5 are compara-
ble to that of field galaxies at similar redshift. On the
other hand, Ivison et al. (2013) discover four CO lumi-
nous galaxies across an ∼100 kpc region at z = 2.4 and
find that two of them have a high SFE. No conclusive
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Fig. 1.—A 2-Dmap of the USS1558 proto-cluster at z = 2.5. Red
and blue squares represent CO-detected and non-detected Hα emit-
ters (HAEs), respectively. Coordinates are relative to the radio
galaxy (a red star). The primary beam is shown by a magenta
circle. Contours denote the local number densities (Σ5th) of all
HAEs, in a step of 2 Mpc−2.
result could be obtained due to a small sample size. In
this paper, we report results from a deep CO J = 1 − 0
observation of a proto-cluster at z = 2.5 to search for
gas-rich galaxies and see if there is any environmental ef-
fect of the star-formation mode in the formation phase of
the progenitors of cluster early-type galaxies seen today.
We assume the Salpeter initial mass function (Salpeter
1955) and cosmological parameters of H0 = 70 km s
−1
Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
2. OBSERVATION
2.1. USS1558-003 proto-cluster at z = 2.5
Our target is a proto-cluster at z = 2.5, USS1558-
003, where an over-density of massive, red-sequence
galaxies has been discovered around a radio galaxy
(Kodama et al. 2007). This region has also been ob-
served as part of a systematic Hα narrow-band imag-
ing campaign with MOIRCS on Subaru Telescope called
“MAHALO − Subaru” project (MApping HAlpha and
Lines of Oxygen with Subaru; Kodama et al. 2013),
and it is found to host numerous Hα emitters (HAEs;
Hayashi et al. 2012). Membership of about half of the
68 HAEs has been spectroscopically confirmed with a
success rate of 70% (Shimakawa et al. 2014). An ex-
tremely dense clump lies about three arc-minutes away
from a radio galaxy in the southwest (Figure 1). Be-
cause the dynamical mass of this clump is estimated to
be∼ 1014 M⊙ from the Hα spectroscopy, it is expected to
evolve into a single massive system with > 1015 M⊙ sim-
ilar to the Coma cluster (Shimakawa et al. 2014). There-
fore, this proto-cluster is very likely the site where slow
rotators, which will eventually dominate a rich cluster by
the present-day, are just in their formation phase.
2.2. JVLA observations
We have conducted CO J = 1 − 0 emission line ob-
servations with the Jansky Very Large Array (JVLA)
during February-April 2013. The target field includes 20
HAEs at z = 2.5 (Figure 1), of which 12 have spectro-
scopic redshifts based on their Hα line. The observations
were made in the compact D array configuration to se-
curely detect emission lines from entire galaxies. Because
the narrow-band survey samples star-forming galaxies
at z = 2.53 ± 0.02, the CO J = 1 − 0 emission line
(νrest = 115.271 GHz) can be observed with the Ka-
band receiver (νobs = 33 GHz), providing the primary
beam size of 82′′. The WIDAR correlator was set up to
cover 32.078–34.082 GHz, corresponding to the CO line
at z=2.382–2.593. We observed the standard calibrators
3C286 (1.9 Jy) for bandpass and flux calibration. Phase
calibration is performed with observations of J1557-0001
(0.7 Jy). The data are processed through the VLA CASA
Calibration Pipeline (McMullin et al. 2007). Channels
at the edges of each spectral window are flagged, which
brings 14 spectral gaps of 14 MHz. The total integra-
tion time is 14 hours on source. Two kinds of CO maps
are reconstructed with the CASA task CLEAN, using
“briggs” weighting with a robustness parameter of -0.5
and natural weighting with 5.0, which provide a synthe-
sized beam of 2.2×1.9 arcsec2/3.0×2.5 arcsec2 and a rms
level of 80–90 µJy beam−1/40–50 µJy beam−1 per 2 MHz
channel (18 km s−1) before the primary beam correction,
respectively.
2.3. Spitzer MIPS 24 µm data
We use a Spitzer/MIPS 24 µm image to identify dusty
star formation and estimate total infrared (IR) luminosi-
ties of HAEs. The data is retrieved from the Spitzer Her-
itage Archive. Data reduction is performed in a standard
manner (flat fielding, background subtraction and mo-
saic) using MOPEX software (Makovoz & Khan 2005).
Source extraction and PSF-fitted photometry are per-
formed using APEX module in MOPEX. The limiting
flux reaches to 5σ ∼ 150 µJy in the final combined im-
age.
3. RESULT
3.1. Detections of CO J=1-0 emission line
We search for the CO J = 1− 0 emission line within a
0.5 arcsec radius from the position of 20 HAEs by using
the 10 MHz (∼92 km s−1) binned data cube. To avoid
spurious detections, we identify a > 3σ peak associated
with two additional bins of > 1.5σ significance. The
probability that such signals are detected, by chance, in
the frequency range (32.471–32.841 GHz, 37 bins) of the
narrow-band redshift is estimated to be 0.5% in Gaussian
noise. Actually, negative peaks are not seen except for
one object located at the edge of the primary beam. The
significance of the detection is defined by the signal-noise
ratio of peak flux in the 10MHz binned cube. ID 191,
ID 193, and ID213 are eventually detected in 6.9, 6.3,
and 3.8σ, respectively. The separation between ID 191
and ID 193 is about 4 arcsec corresponding to 32 kpc
in the physical scale and the velocity offset is 300 km
s−1 (Figure 2). We also look into the relation between
the detection rate of CO emission and the rest-frame
optical color. Our sample consists of four red HAEs with
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Fig. 2.— (Top) Velocity-averaged maps of the CO emission for three HAEs. The visibility data are averaged over the spectral bins
where positive signals are detected (yellow-shaded regions in the bottom panel). The images are obtained using briggs weighting for ID
191/ID 193 and natural weighting for ID 213. The beamsize is at bottom left . Magenta and green contours present MIPS 24 µm and
radio continuum (νrest = 116 GHz) map, respectively. (Bottom) The CO spectra extracted from the peak position in the top images. The
horizontal axis shows the relativistic velocity in the rest frame at z = 2.515. The velocity resolution is 18 km s−1, but the spectrum of
ID 213 is binned over the velocity range of 92 km s−1 to detect a faint emission line. The red and blue lines show the best-fitting profile
with single and double gaussian model, respectively. Dashed lines indicate the redshift expected from the Hα spectroscopy. The channels
flagged at the edges of each spectral window are shown by gray-shaded regions.
J −Ks > 1.38 and 16 blue HAEs. The two (ID 193 and
ID 213) out of four red HAEs are actually detected in
the CO emission line while only one (ID 191) out of 16
blue HAEs is detected. Red and massive galaxies tend
to be relatively bright in CO emission compared to blue
and less massive ones.
Table 1 shows a summary of the properties of CO emis-
sion line. We fit their spectra with a single and two-
component gaussian model to measure the line width
and the velocity-integrated flux, SCOdv (Figure 2). The
FWHM of CO J = 1− 0 line profiles is 250–450 km s−1,
which is significantly smaller than that of bright SMGs
(Ivison et al. 2011, 2012, 2013) and consistent with that
of submm faint galaxies like BzK (Aravena et al. 2012).
The non-binning spectra with 2 MHz resolution shows
a double-peak profile. This irregular feature is closely
related to a spatial distribution of molecular gas within
galaxies. Local edge-on disks show a double-horn profile
but a gap at zero-velocity is widespread in the veloc-
ity range and moreover rarely below 50% of the peak
flux (e.g. Walter et al. 2008). Such spectra are also
seen in color-selected star-forming galaxies at z ∼ 1.5
(Daddi et al. 2010) and SMGs at z = 1−3.5 (Greve et al.
2005). Daddi et al. (2010) demonstrate with numerical
simulations that turbulent and clumpy disks can suc-
cessfully reproduce the spectra similar to the observed
ones but uniform disks cannot. Actually, morphologies
of star-forming galaxies become clumpy at z > 2 (e.g.
Tadaki et al. 2014). If most of the CO emission is domi-
nated by a few giant clumps, the observed feature can be
readily explained. Otherwise, one double profile would
reflect a merger between two galaxies with different ve-
locities. Even higher-resolution observations would make
it challenging to discriminate between a merger and mul-
tiple kpc-scale clumps within a single galaxy. We discuss
further the physical process in terms of star-formation
mode in Section 4.
3.2. Identification of dusty star formation
Although Hα emission line is one of the best indica-
tors of SFR, it can still miss much of star formation in
the case of very dusty galaxies (Koyama et al. 2010). In-
frared emission, which is a re-radiation of UV flux of
massive stars by their surrounding dust, is very useful
for estimating dust-obscured SFRs of galaxies. Three
MIPS 24 µm sources are identified within the primary
beam, and the brightest one with S24µm = 425 µJy is
located between ID 191 and ID 193 (Figure 2). Since
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TABLE 1
Properties of the Hα emitters with CO(1-0) line detections
IDa R.A. Decl. zCO vCO FWHM
b SCOdv
c L′
CO
LIR M∗
d
(J2000) (J2000) (km s−1) (Jy km s−1) (1010 K km s−1pc2) (1012 L⊙) (1010 M⊙)
bHAE-191 16 01 11.20 −00 31 19.0 2.5168 251 0.052 ± 0.008 1.5 2.5 5.1
rHAE-193 16 01 11.45 −00 31 19.3 2.5131 437 0.096 ± 0.015 2.8 5.1 4.8
rHAE-213 16 01 11.71 −00 31 11.9 2.5300 294 0.026 ± 0.007 0.8 <1.7 4.6
a “bHAE” and “rHAE” indicate blue and red HAEs, respectively, separated at J −Ks = 1.38.
b FWHM of the single gaussian component.
c Velocity-integrated flux derived from the two-component model. The errors are calculated on the basis of the signal-noise ratio
defined by the 10 MHz binned cube.
d Stellar masses are estimated from Ks-band magnitudes using the relationship between mass-to-luminosity ratios in Ks-band and
J −Ks colors based on the population synthesis bulge-disk composite models (Kodama et al. 1999).
the PSF size of the MIPS images is too large (∼ 6′′), we
cannot measure the 24 µm flux density of each galaxy.
We use a radio continuum image to deblend the IR
emission, because it is a good indicator of extinction-
free SFR reflecting the non-thermal emission from su-
pernovae remnants and free-free emission from ionized
gas (e.g. Murphy et al. 2011; Thomson et al. 2012). A
33 GHz (116 GHz in the rest frame) image is created
with natural weighting by averaging the data over about
2 GHz excluding the frequency range of the CO emission
line. The radio data allow us to speculate the relative
contribution of each galaxy to the IR emission. We es-
timate a 116 GHz flux density of 4.8 ± 2.6 µJy (1.8σ)
and 10.2 ± 2.6 µJy (3.9σ) for ID 191 and ID 193, re-
spectively (Figure 2). Although ID 191 is marginally
detected, it is clear that the blended IR emission is dom-
inated by ID 193. Wuyts et al. (2011) demonstrate with
Hershel/PACS data that the conversion from observed
24 µm photometries to total IR luminosities, LIR, is ap-
plicable with ∼0.3 dex scatter out to z = 3. Using the
luminosity-independent conversion factor (Wuyts et al.
2008), we derive LIR = 2.5 × 10
12 L⊙ and LIR =
5.1×1012 L⊙ for ID 191 and ID 193, respectively. Assum-
ing that the bulk of the total IR luminosity is powered
by star formation, we find with the standard calibra-
tion of Kennicutt (1998) that ID 193 has a high SFR of
886 M⊙yr
−1. Since the Hα-based SFR is ∼40 M⊙yr
−1,
this object is likely to be strongly attenuated by a large
amount of dust (AHα = 3 mag). On the other hand, ID
213 is not detected at 24 µm and the 3σ upper limit of
LIR < 1.7× 10
12 L⊙ is given.
4. DISCUSSION AND SUMMARY
The separation of ∼30 kpc and the velocity offset
of ∼300 km s−1 between ID 191 and ID 193 suggest
that they are probably in the initial stage of a merger.
While ID 193 is already red in the rest-frame optical and
bright in the IR/radio emission, ID 191 is blue, mean-
ing less dusty or young stellar populations. Such red-
blue pairs are also observed in many SMGs (Ivison et al.
2002). Actually, the derived SFR of 886 M⊙yr
−1 in
ID193 is higher by a factor of about seven with respect to
the M∗-SFR relation of normal HAEs (main sequence;
Tadaki et al. 2013) and is similar to that of SMGs, where
extremely high star formation is thought to be driven
by major mergers (Tacconi et al. 2008; Engel et al. 2010;
Ivison et al. 2012). Even the high-redshift disk galax-
ies fed by cold accretion of gas through cosmic filaments
rarely show such extremely high SFRs (Dekel et al. 2009;
Genzel et al. 2008). Although this classification based on
colors and SFRs is not straightforward, measurements of
LIR/L
′
CO ratio are helpful for a better understanding of
the star-formation mode as it reflects how molecular gas
is being turned into stars.
In Figure 3, we plot the two HAEs with CO
and IR/radio detections on the LIR − L
′
CO dia-
gram to compare them with other populations taken
from the literature (Matsui et al. 2012; Kuno et al.
2007; Bell & Kennicutt 2001; Aravena et al. 2012;
Solomon et al. 1997; Harris et al. 2010; Ivison et al.
2011, 2013; Genzel et al. 2010). Many previous stud-
ies at high redshift are based on the CO J = 3 − 2
and J = 4 − 3 line observations, leading to uncertain-
ties in the estimates of the CO J = 1 − 0 luminosi-
ties because of variations of gas excitation. Therefore,
we use only objects whose CO J =1–0 luminosities
have been directly measured. Both red and blue HAE
have a higher IR luminosity compared to normal star-
forming galaxies at a fixed CO luminosity and are sit-
uated close to the regime of low-redshift ULIRGs. On
the other hand, some SMGs seem to follow the rela-
tion of normal star-forming galaxies. Recent analyses
of galaxy morphologies in Hubble Space T elescope im-
ages show that only 30% of SMGs are associated with
ongoing mergers (Wiklind et al. 2014) while most of low-
redshift ULIRGs are likely to be merger-driven starbursts
(Kartaltepe et al. 2012). This merger fraction of SMGs
is highly contentious, with several high-resolution CO
studies finding it to be 100% (e.g. Engel et al. 2010). The
starburst in ID 191 and ID193 is hard to explain by the
first encounter or the final coalescence of a merger be-
tween them because the separation of 30 kpc is too large
to induce violent star formation (Saitoh et al. 2009). The
red HAE with the high SFR, by itself, might be in a late
stage of merging where the starburst is induced by a past
interaction with another galaxy. In contrast, the IR lu-
minosity measured in the blue one is highly uncertain
because of the low signal-noise ratio of 1.8σ in the radio
emission. Therefore, we do not use ID 191 to characterize
the molecular gas properties.
CO J = 1 − 0 observations allow us to derive molec-
ular gas masses independent of its excitation level. The
difference of star-formation mode is closely related to
a CO to H2+He conversion factor, αCO. Recent mea-
surements of dust mass and dynamical mass demon-
strate that αCO = 3.6 M⊙ (K km s
−1 pc−2)−1 is likely
to be appropriate for normal star-forming galaxies at
high-redshift (Daddi et al. 2010; Magdis et al. 2011) and
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Fig. 3.— IR vs. CO J = 1 − 0 luminosities of the HAEs
with CO detection along with SMGs at z > 1 (green stars:
Harris et al. 2010; Ivison et al. 2011, 2013), ULIRGs at z < 1
(green crosses: Solomon et al. 1997), optical/near-IR selected star-
forming galaxies at z > 1 (black circles: Aravena et al. 2012), and
local spirals (black triangles: Matsui et al. 2012; Kuno et al. 2007;
Bell & Kennicutt 2001). Dashed black and red lines show the
best-fitting relations for normal star-forming galaxies and luminous
mergers (Genzel et al. 2010).
αCO = 0.8 is for starburst galaxies (Bolatto et al. 2013;
Ivison et al. 2013; Downes & Solomon 1998). Provided
that ID193 is in the starburst mode, the molecular gas
mass and the gas fraction are Mgas = 2.2 × 10
10 M⊙
and fgas = Mgas/(Mgas +M∗) ∼ 31%, respectively. Its
gas depletion timescale is τdepl = Mgas/SFR ∼ 25 Myr
which is roughly consistent with that of SMGs at similar
redshift (Greve et al. 2005; Ivison et al. 2011). Even if
using αCO = 3.6, we find that τdepl = 110 Myr is still
shorter compared to normal star-forming galaxies (400
Myr in Salpeter IMF; Tacconi et al. 2013).
In this work, we have discovered a close pair of CO
emitting HAEs, ID 191 and ID 193, in the USS1558–
003 proto-cluster at z = 2.5. Because the sum of their
stellar masses becomes M∗ ∼ 10
11 M⊙ and subsequent
star-formation activities would further increase it, such
a merger system can be a good candidate of a progen-
itor of massive quiescent galaxies in local cluster cores.
Moreover, ID 193 shows a violent star-formation activ-
ity (SFR=886M⊙yr
−1), high LIR/L
′
CO ratio (high SFE)
and red optical color. We interpret it as a star-bursting
galaxy driven by a gas-rich merger with ID 191 or an-
other galaxy. Given the identification of a rare event
with the depletion timescale of τdepl = 25 Myr, merger
events could frequently occur in the extremely dense en-
vironment as surrounding galaxies are expected to be
dragged by a gravitational potential of a large halo. By
dissipative processes between gas-rich galaxies, the sys-
tems that have undergone merger events could be ob-
served as the remnants with little or no rotation (slow
rotators) at z = 0 (Naab et al. 2013). This hypothe-
sis can naturally account for the observational results
that slow rotators are frequently observed in local cluster
cores (Cappellari et al. 2011). To confirm whether gas-
rich merger events are in fact common in high-density
environments at z > 2, we need a statistical sample.
The combination of a wide-field Hα narrow-band imag-
ing with a future wide-field observation of CO J = 1− 0
emission with ALMA Band-1 (>7 arcmin2) will be pow-
erful for such studies of star-formation modes in proto-
clusters at high redshift.
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